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Abstract: Mechanical resistance of a soil to failure has been widely used to estimate the degree of soil compaction. Our
previous study showed that the magnitude of force measured by the horizontally operated penetrometer depends on
the soil failure mode in front of the sensor tip. In this research, 2 horizontally operated penetrometers were developed
to investigate whether the critical depth (dc) at which the soil failure transition from brittle to compressive occurs is
dictated by the aspect ratio (working depth/width ratio) of the tip or of the shank of the sensor. In the first sensor, the
width of the shank (18 mm) was the same as the base dimension of the prismatic tip. In the second sensor, the width of
the shank (36 mm) was twice as wide as the base dimension of the tip. The sensors were tested in a field with silty clay
loam texture and gravimetric water content of 4% to 18% at a forward speed of 0.5 m s–1. The results showed that the dc
for the 36-mm-wide shank sensor was approximately 210 mm, whereas the dc was at a depth of 110 mm for the 18-mmwide shank sensor. In both sensors, the aspect ratio was about 6, and the dc was dictated by the aspect ratio of the shank.
The results indicated that dc increases with an increase in the width of the shank. There was no interaction between the
adjacent 100-mm-distance tips as long as they operated below the dc. Visual observations showed that, in some cases,
when the prismatic tip was located slightly above the dc, a trace of the tip in undisturbed soil could be vividly seen. This
revealed that the tip was moving ahead of the soil rupture planes that radiated from the shank shin to the surface.
Key words: Brittle failure, compressive failure, critical depth, horizontal cone penetrometer, precision farming, soil
compactiontor

Introduction
Soil compaction could limit potential yield.
Regions of high mechanical resistance in soil may
arise naturally, by compaction from heavy farm
machinery, or by formation of plow pans. Excessive
soil compaction has negative effects for agriculture
and the environment. It adversely affects soil
structure, reduces crop production, increases runoff
and erosion, accelerates potential pollution of surface
water by organic wastes and applied agrochemicals,

and causes inefficient use of water and nutrients due
to slow drainage. Different energy-demanding field
operations and other land management treatments
have been performed to ameliorate unwanted soil
compaction (Johnson and Bailey 2002; Hamza and
Anderson 2005; Aksakal et al. 2010, 2011). Knowing
both the horizontal and vertical variability of soil
compaction enables us to discover any nonuniformity
of soil conditions such as water holding capacity, root
impeding layers, and other mechanical and physical
soil characteristics within an agricultural field. Proper
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delineation of soil characteristics in a field will allow
growers to locate areas that may potentially benefit
from differentiated treatments. However, intensive
mapping of soil mechanical resistance using a
standardized cone penetrometer (ASAE Standards
1999 and 2004) is labor-intensive (Raper et al. 1999),
which motivated a number of sensor developers to
develop alternative on-the-go sensing technologies
(Hemmat and Adamchuk 2008). On-the-go soil
compaction sensors allow a substantial increase
in measurement density with more efficient data
collection. A number of prototype sensor systems
are being developed to map within-field variability of
soil mechanical resistance (Hemmat and Adamchuk
2008). On-the-go horizontal soil resistance sensors
have been used to obtain data at specific or multiple
depths using single or multiple tips.

on a shank (vertical tine) with a width of 25.4 mm
and cutting (wedge) angle of 60°. This on-the-go
SSPS was designed and fabricated using an array of
load cells interfaced with corresponding prismatic
tips. The tips were extended forward from the leading
edge of the tine and spaced apart. Different tip
extensions and tip spacing distances were tested, and
a 51-mm extension and a 100-mm vertical spacing
were selected to minimize interference from the
main shank and adjacent sensing tips.

A horizontal cone penetrometer was developed
and tested by Alihamsyah et al. (1990) with the
objective of providing a continuous signal for
automatic control of soil interacting implements
(Alihamsyah and Humphries 1991). The effects of tip
geometry, apex angle, tip extension, and operating
speed on the measured soil resistance were studied in
a soil bin. Measurements obtained using a prismatic
tip with an apex angle of 30° related well to the
standard cone index (CI). Later, Chukwu and Bowers
(2005) modified this penetrometer to measure soil
mechanical resistance at 3 depths simultaneously.
They used 3 prismatic tips with a 30° apex angle
and 3 load cells similar to that used in the single-tip
horizontal penetrometer. A vertical tip spacing of
100 mm was selected to provide a 300-mm sensing
profile and to minimize measurement interference
from 1 tip to the next. When operated at a speed of
30 mm s–1 through soil layered with different degrees
of compactness in a soil bin, the sensor detected
significant differences in soil mechanical resistance
with depth. This very low operating speed was chosen
to simulate the suggested standard penetration rate
of a vertically operated cone penetrometer (ASAE
Standard 2004).

The performance of each of the sensors described
above has generally been evaluated with respect
to standard CI measurements. However, such a
comparison can be problematic because of the
different failure modes produced by on-the-go
sensors and vertically operated penetrometers. A
horizontally operated soil mechanical resistance
sensor could act as a rigid tine or a rigid tine with
a leading tip such as a subsoiler. Stafford (1981)
identified 2 modes of soil failures caused by a rigid
tine: brittle failure and plastic flow (compressive)
failure. Godwin and Spoor (1977) referred to these
failure types as crescent failure and lateral failure. The
depth at which the soil failure mode changes from
brittle to compressive is called the critical depth (dc).
Experimental observations (Godwin and Spoor 1977;
Spoor and Godwin 1978) indicated that the change
in failure mode occurs at a working depth/tine width
ratio, termed the aspect ratio, of approximately 6 (for
soils in friable state) or higher. For a rigid tine with a
leading tip, the dc is dictated by the width of the tip,
and when the tine works at depths in excess of the
dc of the tip, the soil failure pattern near the surface
depends on the width of the tine shank (Spoor and
Godwin 1978). In addition to the aspect ratio, the dc
increases with 1) smaller rake angle (the angle of the
tine face to the soil surface in the direction of travel),
2) drier soil, 3) higher bulk density, 4) lower surface
soil surcharge, and 5) slower operating speeds (Smith
et al. 1989). The dc depends on the soil type, as well,
and Owen (1988) found greater dc in clay soil than
in sandy soil.

Another soil strength profile sensor (SSPS) was
designed and tested by Chung et al. (2006). This SSPS
had multiple prismatic tips with an apex angle of 60°
and a base area of 361 mm2 (19 × 19 mm) mounted

The force predictive models developed for the
crescent-type failure are based on theories of soil
failure adjacent to a retaining wall. To estimate the
forces for the part of a tine that operates below the
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dc, the bearing-capacity theory for deep foundations
is employed (Godwin and Spoor 1977; Godwin and
O’Dogherty 2007). The soil ahead of the cone tip
of the vertically operated penetrometer is always
in the bearing-capacity failure mode. For tip-based
sensors, this type of failure would occur only if the
tip operated under the dc (Hemmat and Adamchuk
2008; Hemmat et al. 2009). Therefore, in validating
on-the-go horizontally operated sensor data with
respect to CI, the failure mode in front of the sensors
should be documented.
Hemmat et al. (2009) developed a single-tip
horizontally operated soil penetrometer and observed
the failure mode in front of it while penetrating soil
at 3 different depths. The horizontal penetrometer
was equipped with a 30° prismatic tip and had a base
area of 324 mm2. The prismatic tip was mounted
horizontally to an S-shaped load cell housed inside a
shank. The sensor was tested in a field with silty clay
loam soil at 3 depths of 200, 250, and 300 mm. The
results showed that average horizontal soil mechanical
resistance index (HRI: the measured force by the
load cell divided by the base area of the prismatic
tip) values for the depths of 200 and 250 mm were
similar due to the brittle failure mode in both cases.
However, when the tip was operated below the dc
of the sensor, the value of HRI at the 300 mm depth
increased 3-fold when compared with the 200 or 250
mm depth values. This was due to a change in failure
mode from brittle to compressive below the dc. There
was a significant relationship between HRI and CI for
the 300-mm depth, whereas for shallower depths the
relationship was not significant. In an extension of
the work done by Hemmat et al. (2009), the effect of
the shank width with respect to the base dimension
of the sensor tip on the failure mode in front of a
multiple-tip horizontally operated soil penetrometer
should be documented.
The objectives of this research were 1) to develop 2
multiple-tip horizontally operated soil penetrometers
with 2 different shank widths, 2) to observe the soil
failure modes in front of each of them while operating
at different depths, 3) to investigate whether the dc
of the sensor was dictated by the aspect ratio of the
prismatic tip (the sensor acted as a rigid tine with a
leading tip) or by the shank of the sensor (the sensor

acted as a vertical rigid tine without a leading tip),
and 4) to study the effect of adjacent prismatic tip
distances on soil failure interactions in front of the
tips.
Materials and methods
Multiple-tip
penetrometer

horizontally

operated

soil

Two multiple-tip horizontally operated soil
penetrometers with 2 different shank widths were
developed. Each sensor consisted of a shank that
could be equipped with 1, 2, or 3 tips. The tips had
3 effective measuring depths of 100, 200, and 300
mm. In the first sensor, the width of the shank was
the same as the base dimension of the prismatic tip,
which was 18 mm (Figure 1a). In the second sensor,
the width of the shank (36 mm) was twice as much as
the base dimension of the prismatic tip (Figure 1b).
The height of the shank was 500 mm for both
sensors. The shank was designed such that the
prismatic tips could be attached or removed from the
shank so that the distance between 2 adjacent tips
could be changed from 100 to 200 mm. The shank
was designed to be pulled at a perpendicular rake
angle to the soil surface. To limit the formation of
a soil wedge in front of the advancing shank, it was
equipped with a shin having a 45° prismatic wedge
angle. The shank was designed to penetrate vertically
into the soil profile with minimum downward force.
To facilitate the penetration of the shank into the soil
profile, the bottom of the shank was cut and beveled to
a 45° prismatic wedge. The prismatic tips were made
of stainless steel and had an 18 × 18 mm base area
with a 30° apex angle, based on research conducted
by Hemmat et al. (2009). Their rods had diameters of
10 mm. The lengths of the rods were such that the tip
bases were 40 mm ahead of the shank. The shank was
mounted to a frame, using a safety mechanism, and
it was attached to a tractor through the 3-point hitch
(Figure 2). In order to make the penetration of the
sensor tips into the soil easier, a pit with a depth of
400-500 mm was excavated at the start of each pass,
and then the sensor was put into the pit. In this way,
the sensor tips found their way into the soil without
any difficulty.
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Figure 1. Two multiple-tip horizontally operated soil penetrometers: a) the width of the shank was the same as the base dimension of the
prismatic tip, which was 18 mm, and b) the width of the shank (36 mm) was twice as much as the base dimension of the prismatic tip.
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Figure 2. The sensor is attached to the frame using a safety
mechanism and could be attached to a tractor through
the 3-point hitch.

Field experiments
The field experiments were conducted at the Isfahan
University of Technology Research Station Farm. The
soil texture was silty clay loam. The soil was classified
as fine-loamy, mixed, thermic Typic Haplargids
according to the USDA system (Lakzian 1989). It
was formed on alluvial sediments of the Zayandeh
Roud River, was initially low in organic matter, and
has a history of intensive conventional cultivation
and cropping of cereals, hay, and silage corn (Zea
mays L.) rotation. The shrinkage limit, plastic limit,
and liquid limit of the soil were 7%, 19% and 30.1%,
respectively.
The experiments were conducted in 2 phases.
Each experiment was carried out along a transect 10
m in length while the sensor was pulled at a speed of

0.5 m s–1. The preliminary tests showed that this was
the maximum operating speed at which the uniform
working depths of the sensors could be obtained. The
purpose of the phase 1 testing was to observe the
failure mode ahead of the sensors and to find out how
the dc changed by changing the shank width while
the sensors were operating at 3 different depths (100,
200, and 300 mm). Soil disturbance was assessed by
direct excavation. After each pass, all disturbed soil
perpendicular to the direction of travel was removed
and trenches were opened up to observe the failure
mode. The major failure planes were located manually
by removing disturbed soil from the vertical profile
surface. The dimensions of the exposed profile were
quantified (Figure 3) using a profile meter (Spoor
and Godwin 1978).
To investigate whether the dc was dictated by
the aspect ratio (working depth/width ratio) of
the prismatic tip or by the shank of the sensor, the
sensors were operated at 3 depths. If the 18-mm tip
initiated the crescent soil failure, the dc would be
around 108 mm (approximately 6 × 18 mm) for both
sensors. On the other hand, when the crescent soil
failure was induced by the shank, the dc would be
approximately 216 mm (approximately 6 × 36 mm)
and 108 mm (approximately 6 × 18 mm) for the
shanks of widths of 36 mm and 18 mm, respectively.
Upward failure dominates above the dc and lateral
disturbance below. Below the dc, the extent of lateral
soil disturbance is limited to the width of the tine
(Spoor and Godwin 1978).

130 mm

350-380 mm

Figure 3. Soil disturbance profile for the sensor with a shank width of 36 mm and equipped with a single tip while operating around a
depth of 100 mm. The direction of travel is perpendicular to plane (WC = 7.2%).
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The purpose of the phase 2 testing was to study the
effect of adjacent prismatic-tip distances (100 or 200
mm) on the soil failure interactions of the tips. For
this purpose, at the end of each transect, all disturbed
soil was taken out from the path of the sensor and
then the trace of the prismatic tips or shank on the
profile vertical surface was observed. To locate the
sensors tips, profile trenches were also opened up
parallel to the direction of operation.
To measure the water content (WC), soil samples
were taken from 3 layers of depths of 50 to 150 mm,
150 to 250 mm, and 250 to 350 mm, for operating
depths of 100, 200, and 300 mm, respectively. The
samples were weighed and oven-dried at 105 °C for
24 h. At the end of the drying period, soil samples
were weighed and WC was calculated on an oven-dry
basis (Campbell and Campbell 2004). The average
WC of the first 2 and 3 layers were calculated and
considered as WC for the 200- and 300-mm depths,
respectively.
Results
Phase 1 field tests
Figure 3 shows the cross-section of the soil disturbance
perpendicular to the direction of travel created by the
sensor with a 36-mm-wide shank when the sensor tip
was operated at a 100-mm depth. The soil disturbance
profile ahead of the sensor showed that the soil was
displaced forwards, sideways, and upwards, failing
along well-defined rupture planes that radiated from
the shank base to the surface. Therefore, the failure

mode was of the crescent type (Spoor and Godwin
1978) and the sensor tip was working in the disturbed
soil above the dc of the sensor shank.
Figures 4 and 5 show the soil disturbance profiles
of the sensors with shank widths of 18 mm and 36
mm, respectively, equipped with 3 tips and working
at a 300-mm depth. The dcs of the sensors with shank
widths of 18 mm and 36 mm were observed at depths
of 110 (at WC = 11.8%) and 180 (at WC = 17.8%)
mm, respectively. Below the dc, the failure mode
changed from the brittle to the compressive type, soil
began to flow forwards and sideways only (lateral
failure), and channels with the same size as the shank
widths developed. In both cases, the sensor acted
as a vertical rigid tine and not as a rigid tine with a
leading tip. It can be noted that the dc is dependent
on the aspect ratio of the shank and not the tip.
Figures 6a and 6b show 2 sensors with 2 sensing
tips at depths of 100 and 200 mm, operating at
a depth of 200 mm. For the 18-mm-wide sensor
(Figure 6a), dc was at a depth of 110 mm; therefore, 1
of the sensing tips was working below the dc and the
other was working just above the dc. For the 36-mmwide sensor (Figure 6b), the dc was below the depth
of 200 mm, and so both sensing tips were working in
the disturbed soil (i.e. above the dc).
Figure 6 also shows the prismatic tip that was
located slightly above the dc; a trace of prismatic tip
in the undisturbed soil could be vividly seen. This
revealed that the prismatic tip was moving ahead of
the soil rupture planes that radiated from the shank
shin to the surface.

110 mm
300 mm

18 mm
290-320 mm

Figure 4. Rear view of soil disturbance for the sensor with a shank width of 18 mm and equipped with 3 sensing tips at depths of 100,
200, and 300 mm while operating at a depth of 300 mm (WC = 11.8%). Below the dc, the width of the compacted zone is equal
to the shank width. The direction of travel is perpendicular to plane.
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180 mm

310 mm

36 mm
440-480 mm

Figure 5. Rear view of soil disturbance for the sensor with a shank width of 36 mm and equipped with 3 sensing tips at depths of 100,
200, and 300 mm while operating at a depth of 300 mm (WC = 17.8%). Below the dc, the width of the compacted zone is equal
to the shank width. The direction of travel is perpendicular to plane.

110 mm

110 mm

100 mm

18 mm

(a)

200 mm

(b)

Figure 6. Photographs of developed channels with a square cross-sectional area for a) the sensor with a shank width of 18 mm and
equipped with 2 sensing tips at depths of 100 and 200 mm while operating at a depth of 200 mm (WC = 12.7%), and b) the
sensor with a shank width of 36 mm and equipped with 2 sensing tips at depths of 100 and 200 mm while operating at a depth
of 200 mm (WC = 10.8%). The direction of travel is perpendicular to plane.

Phase 2 field tests
For the sensor with 3 sensing tips operating at
approximately a 300-mm depth, the profile trenches,
which were opened up perpendicular to the direction
of sensor operation, showed that the tips working
below the dc of the sensor shank were confined in
the undisturbed soil (Figure 7). The soil at the tip
began to flow forwards and sideways only (lateral
failure) and developed a channel with a square
cross-sectional area the same size as the sensing tip

base. These results revealed that there would be no
interaction between the adjacent 100-mm spacing
tips as long as they were operating below the dc.
Figures 8 and 9 show the side view of the disturbed
area for both sensors. For the first sensor (with a
shank width of 18 mm), the dc is located at a depth
of 110 mm and both of the tips are completely below
the dc. For the second sensor (with a shank width of
36 mm), the dc is at a depth of 180 mm and 1 tip is
completely located in the disturbed soil.
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110 mm

90 mm 300 mm

100 mm

Figure 7. Photograph of developed channels with a square cross-sectional area for the sensor with a shank width of 18 mm and equipped
with 3 sensing tips at depths of 100, 200, and 300 while operating at a depth of 300 mm (WC = 11.5%). The channel is the same
size as the sensing tip base dimension as the tip was working below the dc. The direction of travel is perpendicular to plane.

110 mm

310 mm
90 mm

100 mm

Figure 8. Photograph of the side view of the disturbed area of the sensor with a shank width of 18 mm and equipped with 3 sensing tips
at depths of 100, 200, and 300 mm while operating at a depth of 300 mm (WC = 11.8%).

180 mm
310 mm

120 mm

Figure 9. Photograph of the side view of the disturbed area of the sensor with a shank width of 36 mm and equipped with 3 sensing tips
at depths of 100, 200, and 300 mm while operating at a depth of 300 mm (WC = 16.5%).
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The dc decreased as the soil WC increased (Figures
10a and 10b). For example, for the sensor with a shank
width of 36 mm, when the soil WC increased to 17.8%,
the dc decreased to 180 mm (Figure 10b), whereas in
the dryer conditions (WC = 7.6%), it was around 210
mm (Figure 10a). However, in order to quantify how
the dc changes with the soil WC, the sensors should be
tested over a wider range of soil WC.
As shown in Figure 10b, when the prismatic tip was
moving through the disturbed soil (crescent failure)
zone of the shank, a trace of the prismatic tip in the

Soil surface

210 mm

300 mm

(a)

Soil surface

180 mm

disturbed soil could be vividly seen at the depth of
100 mm. This revealed that when the WC (17.8%) was
near the plastic limit of the soil (19%), a trace of the tip
remained in the disturbed soil, but the strength that
could be measured by the prismatic tip would not be
the real strength of the soil.
Discussion
Results showed that the dc of the horizontally operated
penetrometer depends on the aspect ratio (working
depth/width) of the shank. This indicates that the
sensor acted as a rigid tine and not a rigid tine with a
leading tip. For the sensor to act as the latter, the width
of the leading tip (base dimension of the prismatic
tip) should be much wider than the width of its shank.
However, in 2 developed sensors, the width of the
prismatic tip (with a base dimension of 18 mm) was
either equal to (for the shank width of 18 mm) or half
of (for the shank width of 36 mm) the width of its
shank. The dc increased with an increase in the width
of the shank. There was no interaction between the
adjacent 100-mm distance tips as long as they operated
below the dc. Our observations showed that when the
prismatic tip was located slightly above the dc, a trace
of prismatic tip in undisturbed soil could be plainly
seen. This revealed that the prismatic tip was moving
in the undisturbed soil ahead of the soil rupture planes
that radiated from the shank to the surface. Therefore,
the length of the horizontally operated penetrometer
rod located slightly above the dc of the shank should
be increased to measure the mechanical soil resistance
similar to those working below the dc.
In the research reported here, the soil failure mode
ahead of 2 horizontally operated penetrometers was
investigated and the following results were observed:

300 mm

1) The dc at which the soil failure mode changed
from brittle to compressive was at a working depth/
shank width ratio of around 6.

(b)

Figure 10. Photographs of developed channels with a square
cross-sectional area for the sensor with a shank width
of 36 mm while operating at a depth of 300 mm with
a) WC = 7.6% and b) WC = 17.8%.

2) At shallow depths and above the dc, the sensor
tip moved through the disturbed soil. Therefore, the
failure mode (brittle type) ahead of the sensor tip was
different from the mode (compressive type) observed
ahead of a vertically operated cone penetrometer.
3) Below the dc, the failure mode (compressive type)
ahead of the sensor tips had similar soil disturbance
patterns as a vertically operated cone penetrometer.
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